In 1979, we tested dietary monosodium glutamate (MSG) for developmental neurotoxicity in rats. The study was recently cited for establishing a No Observable Adverse Effect Level (NOAEL) for MSG as a food additive resulting in a change in the acceptable daily intake (ADI). Therefore, I re-evaluated the study [Vorhees et al.: Toxicol Appl Pharmacol 1979; 50: 267-282]. Sprague-Dawley rats were fed diets containing 0, 1.7, 3.4, or 5.1% MSG prior to conception, throughout gestation and lactation, and the same diets were fed to the offspring until 90 days of age. About 18-20 L were tested per dose with litter and sex factors in data analyses. There were 21 functional tests with 36 dependent variables and 10 body weight and histological outcomes. Of the functional tests, 4 were significant involving 6 effects. Two effects were on swimming ontogeny: one was an improvement and the other an atypical minor delay of no significance. Two effects were on active avoidance: one was a low-dose female-only extinction effect and the other a high-dose male-only acquisition effect, neither providing evidence of consistency. One was on passive avoidance, but was an improvement not a deficit. The last was on open-field rearing in the absence of its normal association with locomotion changes. Thus, it can be concluded, as was done in 1979 and by the U.S. Food and Drug Administration who sponsored the study, that there is no evidence in these data that dietary MSG is developmentally neurotoxic, hence, the study provides no basis for the establishment of a NOAEL and changing the ADI for dietary MSG.
In 1979, we published a paper investigating the developmental neurotoxicity (DN) of dietary exposure to monosodium glutamate (MSG) on somatic growth, landmark development, reflex ontogeny, neurobehavioral function, brain cell counts, and Golgi neuronal spine counts [1] . The study was cited in a reevaluation of the safety of MSG and related glutamate-based food additives by the European Food Safety Authority [2] .
In this paper, I will review the study noting its strengths and weaknesses, summarize the statistically significant effects, explain their possible meaning, and place them in perspective with progress in doing such evaluations in the 40 years since the experiment was published. In addition, crucial aspects of how the data were analyzed and how they would be analyzed today are highlighted.
The Experiment
Below I will summarize the following: What was the study? What was its purpose? What was the experimental design? What were the methods? How were the data analyzed? What was found? How should the data be interpreted?
Study's Objectives
The study had 2 objectives: (1) create a DN test battery and (2) use the battery to evaluate a series of food additives of interest to the U.S. Food and Drug Administration (FDA) at that time. This was the first study of its kind, and the test additives were MSG and calcium carrageenan (CC) in a unified study design in which both food additives along with control groups would be evaluated simultaneously. The control groups served as controls for both additives but the data for each additive and the 2 control groups were analyzed separately. For the control groups; one was a negative control (C-) and the other was a positive control (C+). The intended C+ group was treated prenatally by i.p. injection with 550 mg/kg of hydroxyurea (HU) on embryonic day 12 (E12; conception was inferred as E0). HU is an established teratogen, but at doses near the teratogenic threshold HU produces neurobehavioral abnormalities in the offspring [3, 4] .
Purpose
DN was an emerging field in the 1970s [5] . Several labs began to develop test batteries to screen compounds for DN. This paper was our lab's first contribution in this area as noted by the title: A developmental test battery for neurobehavioral toxicity in rats: A preliminary analysis using MSG, CC, and HU [1] . Therefore, in addition to MSG and CC being tested, the battery was also tested simultaneously. This duality creates an inferential issue: One cannot simultaneously validate a test while using it to test an unknown. The C+ group could have provided the initial validation, unfortunately, the effects of HU were marginal and therefore did not provide the needed validation. The results, therefore, could be due to MSG or issues with the test methods. It is worth noting that this test battery never became a standard in the field; it was superseded by a test battery developed by the U.S. Environmental Protection Agency (EPA) that is referred to as the DN Test (DNT) guideline [6] [7] [8] .
Animals and Diet
Sprague-Dawley rats were used. Test materials were added to the standard ground Purina rat chow. The experimental diets were provided to the rats prior to breeding, throughout gestation and lactation, and to the offspring throughout the development to the end of the experiment at postnatal day (P)90. Litters were housed in shoebox cages; at all other ages, rats were in wire-bottom hanging cages. Offspring were weaned on P21.
Statistics
Depending on the outcome, 1-way, 2-way, or 3-way analyses of variance (ANOVA) were used to analyze the data. For pre-weaning tests where the dependent measure was days to criterion, 1-way ANOVAs were used. In later tests, sex was an additional factor in 2-way factorial ANOVAs. If there was a repeated measure, then the data were analyzed using 3-way ANOVAs with repeated measures (RM-ANOVA). There were 31 primary outcomes measured: 21 were functional tests and 10 were of body or brain weight or histology. Of the 21 functional tests, several had multiple dependent measures resulting in 36 functional dependent variables that were analyzed. Of the latter 36 ANOVAs, 22 were 1-way, 8 were 2-way, and 6 were 3-way ANOVAs; of the 2-way ANOVAs one had a repeated measure factor; and of the 3-way ANOVAs all had one repeated measure factor. These 36 ANOVAs generated 68 F-tests. Where a treatment effect was significant at p < 0.05, follow-up tests were performed. If one considers 68 F-tests one would expect at least 5% to be significant by chance, that is, 3.4. Four were significant.
Where F-tests were significant for a main effect or a group × sex or group × day interaction, post-hoc tests were conducted first using simple-effect ANOVAs, followed by Newman-Keuls pairwise group comparisons. Neither of these methods are endorsed by statisticians these days because they tend to inflate alpha. The design of the test battery is shown in Table 1 of the original paper. Body weight and mortality were used as indices of general toxicity. There was no effect of MSG on mortality, although no supporting data were shown in the paper. Body weight showed no effects prior to or after weaning, hence, no general developmental toxicity occurred.
We did control for litter effects. While better methods became available later we handled the problem by treating sex as a within or matching factor to avoid doubling the effective N as if they were orthogonal. Some labs ana- lyzed males and females separately, but this requires twice as many ANOVAs, reduces sample size, and prevents testing for treatment × sex interactions. On pre-weaning tests, we used a single measure for the entire litter. On post-weaning tests, we tested 2 males and 2 females per litter but used their averaged performance to represent the litter. In all analyses of post-weaning behavior, group and sex were factors in the ANOVAs.
Exposure
For MSG, the dietary doses were 1.7, 3.4, and 5.1% by weight mixed in ground Purina rat chow. For CC, they were 0.45, 0.9, and 1.8% by weight mixed in ground Purina rat chow. Both were available 24/7 ad libitum.
Methods
Birth was designated P0. On P1, litters were adjusted to 8-12 pups using a random number table. Litters of more than 12 were culled balancing for sex; those with less than 8 pups were not used. Pups were weaned on P21, remained with their littermates until P25, and were housed separately thereafter. About 18-20 L/group were tested. Pregnant females were enrolled on a rotational basis to keep groups balanced over time. Final numbers varied slightly due to an occasional death or because of human error during testing. The number of pups at weaning in the MSG groups for males were: 18, 18, 20 for the 1.7, 3.4, and 5.1% doses; and 20 for the C-group and 20 for the C+ group, respectively; for females they were: 18, 20, and 17 for the 1.7, 3.4, and 5.1% doses, and 20 for the Cgroup and 20 for the C+ group.
For pre-weaning tests, days to criterion for one male and one female per litter was used as a litter average for pinna detachment, incisor eruption, eye opening, pivoting emergence, forward locomotion (3 stages), surface righting, cliff avoidance, pivoting by time and number of 90 degree turns, auditory startle emergence, visual placing (P18 and P21) were each analyzed by 1-way ANOVA. Swimming ontogeny, active avoidance (3 phases), and appetitive discrimination were analyzed by 2-way ANOVA, with the one for swimming ontogeny a RM-ANOVA by day.
The remaining functional tests were 3-week running wheel (3-way RM-ANOVA), open-field for 3 days, 3-min/ day (3-way RM-ANOVA), 2-day rotorod (3-way RM-ANOVA), appetitive position discrimination and reversal (3-way RM-ANOVA), and 3-day passive avoidance (3-way RM-ANOVA). Brain weight, H&E (hematoxylin and eosin) cell counts, and Golgi dendritic spine counts were analyzed by 1-way ANOVA.
Findings
First, it should be noted that there were no significant effects on maternal or offspring body weight at any point during the experiment as reported by Vorhees et al. [1] . One thing missing from the published paper, but which was found through another source and verified, was that there were no significant effects on offspring mortality.
Out of 21 functional tests with 36 dependent measures, 4 were statistically significant. These were for swimming ontogeny, open-field rearing, and active and passive avoidance.
First is the effect on swimming ontogeny. When a treatment affects this test, a plot of the data shows a steady increase in scores across days. A treatment that delays swimming development shows a deflection downward from the normal curve. For a deflection to be meaningful, it must span several days. We published a paper in the same year that shows such delays and should be consulted for comparison with what was seen with MSG [9] . In the case of MSG, the effects occurred on only one day and were small; there were no multiday effects as occurs from neurotoxins. Two swimming effects were seen. The first effect occurred on P6 only in the high-dose MSG group. P6 is the least reliable day of this test because rats have never been placed in water before and their initial response is unpredictable. After P6, the high-dose MSG group performed normally and matched the Cgroup closely. No effects were found on swimming angle or limb usage for the MSG exposed groups, whereas neurotoxins are known to affect all 3 measures and not just one. Furthermore, the MSG effect was not dose-dependent. The second effect occurred on swimming angle. It occurred in the low-dose MSG group on P12 and was an increase, not a decrease, that is, the rats performed better than those in the C-group. Interestingly, if one examines Figure 1 in the paper, an identical effect occurred in the low-dose CC group on exactly the same day, in exactly the same direction.
Two tests of locomotor activity were conducted; 24/7 running wheel activity for 3 weeks and open-field exploration for 3 days, 3 min/day. There were no effects of MSG on running wheel. There was also no effect of MSG on open-field ambulation, the principal measure on this test. The one effect was on rearing in the high-dose MSG group. The effect was a decrease of approximately 1.5 rears versus control of about 17 rears; a change so small it is probably not biologically meaningful or replicable.
There were no effects of MSG on rotorod. On active avoidance, rats were required to turn a wheel during a 9 s auditory warning to avoid foot-shock. The criterion was 18 out of 20 trials, avoiding the shock within a single test session of 20 trials. Once the rats reached the acquisition criterion, the contingencies were changed such that they had to learn that the signal no longer warned of impending shock until they reached an extinction criterion of 90% non-responding to the tone. Once the rats reached the extinction criterion, they were not tested for several days and then retested to respond to the tone again, to the same 90% avoidance criterion as during acquisition. There was an increase in days to criterion for males on acquisition in the high-dose MSG group and on extinction in the female low-dose group; there were no effects in other groups or other phases. The male high-dose acquisition lag might be real, but would have to be replicated in a new experiment. The low-dose female extinction, effect does not fit with the rest of the data and it looks like an outlier.
In the appetitive position discrimination and reversal test, there were no effects of MSG.
The last test was passive avoidance. Day-1 was training: rats were placed on the lighted side of a 2-chamber apparatus with the opposite compartment dark. Rats spontaneously cross into the dark side when the door is opened. The divider door is then closed and rats are given a 1 s (0.75 mA) foot-shock. Tests of memory are given 24 and 48 h later. For this, the rat is placed back in the lighted side, the door opened, and it is free to crossover for up to 3 min. Latency to cross is recorded. Rats are then removed and tested a second time the next day. The first session assesses memory consolidation; the second, memory with partial extinction. There were no MSG effects on day-2 or 3, however, the high-dose MSG group remained on the lighted side proportionately longer on day-3 than on day-2. This indicates that they performed better at 48 h than at 24 h, that is, they remembered better, not worse. This is not a deficit, but shows enhanced memory.
Cell counts in 7 μm paraffin-embedded H&E stained sections through cerebellum, olfactory bulbs, and hippocampus showed a small reduction in cell number in the low-dose MSG group with no change at higher doses or in other regions. There were no effects of MSG on regional brain weights, or on Golgi dendritic spine counts.
Interpretation
The 1979 data provide no persuasive evidence of MSGinduced DN. Given that there are only 4 effects obtained out of 21 functional tests involving 31 dependent variables raises concerns about the meaning of these observations. For instance, the effects in the high-dose MSG group for swimming direction was an isolated 1-day minor delay; it does not fit with what other studies show for this test when a compound is neurotoxic [9] , and this reduces the confidence in this observation. The open-field effect on rearing in the high-dose MSG group occurred in the absence of an effect on locomotion which is at variance with the fact that these measures are normally positively correlated [10] [11] [12] . There was an effect on active avoidance acquisition in the high-dose male MSG group and in the low-dose female group on extinction. The problem is that the effects are inconsistent across phases, inconsistent across sexes, not dose-dependent, and fail to be biologically plausible. The odds that this pattern would be seen in a replication experiment are slim. The passive avoidance 24-48 h retention difference is an improvement, not a deficit, so this is not evidence of DN. Hence, viewed collectively, none of the findings in the 1979 study suggest that MSG causes DN.
This conclusion is reinforced by related studies, although they have limitations as well. When MSG is injected subcutaneously or intraperitoneally, mice are more sensitive to arcuate lesions than rats, suggesting that mice are a more sensitive species. Based on this species difference, Anantharaman [13] conducted a 3-generation reproductive study in CD-1 mice providing 1 or 4% MSG in the diet with exposure starting during pregnancy of the F0 generation. F1.1 and F3.1 male and female offsprings from each group were taken at P3, P14, and P21 for neurohistological examination. He found no effects on growth, mortality, or reproduction in any generation, and no effects on neuronal density in the arcuate nucleus or other hypothalamic nuclei, or in basal ganglia, hippocampus, thalamus or cortex in the MSG groups compared with controls. However, this study was not peer reviewed and aspects of methods and results are incompletely presented.
Takasaki et al. [14] used ICR mice and compared the effects of dietary to intraperitoneal, gavage, subcutaneous, and dietary MSG given at P10, P23 or as adults and examined brains for effects on plasma testosterone, luteinizing hormone, follicle-stimulating hormone, organ weight, reproductive function, day of vaginal opening, activity in an Animex system, or 3-min open-field test. Ef- fects were found only if MSG was injected. They also tested Wistar rats injected with 0.5 g/kg MSG from P10-19 then fed high doses in the diet from P20-29: no arcuate lesions were found; however, if injected with 4 g/kg MSG from P2-11 most neurons in the arcuate nucleus were not detected. But if MSG was injected at the same dose, 4 g/kg, from P10-19, no arcuate lesions were seen. Hence, in rats and mice, only early neonatal s.c. or i.p. injections of high doses of MSG induce arcuate lesions, no dietary dose, no matter how high or how early, induced lesions. Neonatal mouse and rat brain, especially during the first 10 days postnatal is, in terms of brain development, comparable to late third trimester intrauterine brain development in humans [15] [16] [17] (see also translatingtime.net). This study was also published in a non-peer reviewed source and details of methods and results are incomplete.
Two studies were done in Wistar rats, exposing them to MSG in their drinking water during the last 2 weeks of gestation [18, 19] . In the first study [18] , MSG was provided as 5 g/100 mL of water resulting in an estimated dose of 10 g/kg. The offsprings were tested at P20 in a small open-field and again at P35 in a larger open-field, each time for 3-min. Starting at P60 rats were tested for discrimination learning, maze learning, and 2-way active avoidance.
The authors report reduced birth weight but increased body weight at P28 in the MSG group. There were no open-field differences at P20 but at P35 MSG rats were less active and showed less rearing than controls. There were no differences on active avoidance or a 2-choice discrimination task, but the MSG group made more errors in a maze on the last 4 trials compared with controls. However, this study has serious deficiencies. They used only 3 L in the MSG group and 2 in the control group and from these few litters retained 30 MSG and 20 controls for testing without regard to litter membership and no statistical adjustment for litter effects. How the retained pups were chosen is not stated. Because of the flawed design of this experiment, it is not possible to determine if these effects are reliable.
In a second study from this group [19] , they gave MSG in drinking water at the same concentration as in their previous study to gravid Wistar rats on the same gestational days (the last 14 days of pregnancy up to E20) as before. The outcomes assessed in this experiment were 3 H-choline, norepinephrine (NE), and GABA (gammaamino butyric acid) uptake into selected brain regions in synaptosomal fractions, and 14 C-acetyl-CoA uptake, as a marker of choline acetyltransferase activity, in crude fractions. They took offspring from 10 MSG-exposed and 10 control litters and analyzed ~6 pups per group at different ages. Choline and acetyl-CoA uptake were done at P15, P21, P28, P60, and P75, whereas NE and GABA were done only at P60. At P15 and P60, they report decreased and increased choline uptake in PFC of MSG rats compared with controls, whereas choline uptake in the hippocampus was increased only at P75. NE update in PFC was decreased at P60 and acetyl-CoA was increased at P15 and reduced at P60 in the MSG group, with no changes at other ages and no changes in GABA. Sample sizes were 6 per group except at P60 where males were 6-12, with 6 per group in females. Some effects at P60 were sexdependent, such as the acetyl-CoA uptake increase in the hippocampus that was seen in males and not females. This study too has problematic aspects to it. There is no indication that they controlled for litter, no information on how pups were chosen for testing from the different litters, no indication of how data were analyzed, no pattern to the small up and down changes in those markers that were changed, nor did they include any behavioral tests as in their first study to corroborate the relationship between these neurochemical changes and the behavioral changes they previously reported. Lastly, the relevance of MSG dissolved in drinking water is unclear as MSG as a food additive is primarily added to food not beverages. As with the first MSG study from this group, these later data are difficult to interpret. This is because the experimental design raises concerns about the small sample sizes and the absence of control for litter effects. Therefore, these data do not contribute to the determination of whether MSG is developmentally neurotoxic.
Taken collectively, the above studies are consistent with our data that dietary MSG does not show evidence of DN in rodents a high doses in mice or rats.
Interpretations Then and Now
Our 1979 data do not support defining a No Observable Adverse Effect Level and therefore, do not support a change in the acceptable daily intake (ADI) for dietary MSG. If our data raise concerns, they should be addressed in a new study with current protocols and contemporary methods; no change in the ADI should be made before a new study is done because if a new study fails to find DN, changing the standard prematurely would cause serious unnecessary difficulties that would then have to be undone.
My lab has investigated developmental neurotoxins for 42 years. mental neurotoxin my lab has tested or of any other that I am aware of from the literature.
My coauthors and I interpreted the 1979 study as providing no persuasive evidence of DN. Looking back at the study 40 years later, my view is even stronger that the data provide no evidence of DN. Furthermore, the FDA came to Cincinnati and spent days auditing every page of data from this study and found the data to be in proper order and as we reported it. Subsequently, the FDA reviewed the results and found no evidence of concern for the safety of dietary MSG as a Generally Recognized as Safe (GRAS) food additive and made no change in its status. To the best of my knowledge, no other rodent data have been published since showing any evidence of DN from dietary MSG.
Context
In 1979, there were no guidelines on how DN studies should be done. Later, the EPA's DNT guidelines were developed as were those of the Organization for Economic Cooperation and Development for pesticides and priority commercial chemicals. The EPA's DNT guideline has been the standard regulatory practice for 30 years. The FDA has similar but less specific guidelines as does the ICH (International Council for Harmonization of Technical Requirements for Pharmaceuticals for Human Use). What is important is that almost no test used in our 1979 study is still used. This is because those methods did not turn out to be sufficiently sensitive to detect neurohazards nor predictive of long-term neurotoxicity. This raises the question of how much weight should be put on the 1979 study. No one does swimming ontogeny anymore, therefore, it should not be relied upon. Open-field today is automated and tested for 60 min not 3 min because 3-min data are unreliable. Active avoidance is still used but not the procedure we used. Passive avoidance is still used, but recent data cast serious doubt on its reliability and sensitivity for detecting DN [20] . In the latter study, we showed that methamphetamine given neonatally results in lasting learning and memory deficits on tests of egocentric, allocentric, and working memory, but had no effect on passive avoidance. We have unpublished data showing this is also the case for trial-to-criterion passive avoidance that some argue is more sensitive than the one-trial method, but our data suggest otherwise.
Current EPA and Organization for Economic Cooperation and Development DNT guidelines leave much to be desired, therefore, do not take my concerns about our 1979 data as an endorsement of current DN protocols. Current DNT protocols have serious limitations, they have not kept up with current science, and are in much need of modernization as described recently [21] . Nevertheless, current DNT guideline studies are still better than what we did in 1979. Therefore, our 1979 data should be interpreted with caution and taken as no more than suggestive. I know our 1979 study better than anyone, I know the methods because I supervised the work, I know the data analyses because I ran them, I know the study's limitations because I wrote the FDA report and the published paper from the report. In my estimation, the 1979 data should not be used to change the ADI for dietary MSG.
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